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Abstract

The current work refers to a simulation study on hybrid polymer/graphene interfacial
systems. We explore the effect of graphene on the mobility of polymers, by studying
three well known and widely used polymers, polyethylene (PE), polystyrene (PS) and
poly(methyl-methacrylate) (PMMA). Qualitative and quantitative differences in the
dynamic properties of the polymer chains in particular at the polymer/graphene interface
are detected. Results concerning both the segmental and the terminal dynamics render PE
much faster than the other two polymers, PS follows, while PMMA is the slowest one.

Clear spatial dynamic heterogeneity has been observed for all model systems, with

* Author to whom correspondence should be addressed:
rissanou(@tem.uoc.gr +30 2810393746 fax: +30 2810393701
vagelis@tem.uoc.gr +30 2810393735 fax: +30 2810393701




different dynamical behavior of the adsorbed polymer segments. The segmental
relaxation time of polymer (z.4) as a function of the distance from graphene shows an
abrupt decrease beyond the first adsorption layer for PE, as a result of its the well-ordered
layered structure close to graphene, though a more gradual decay for PS and PMMA. The
distribution of the relaxation times of adsorbed segments was also found to be broader

than the bulk ones for all three polymer/graphene systems.



1 Introduction

The study of graphene based polymer nanocomposites is a very intense research
area due to very broad possible applications of such sys‘[ems.l’2 Indeed, the properties of
all polymer nanocomposites (PNC) can be tuned, by the proper selection of the solid
phase, in order for the hybrid (composite) system to be used in various applications. This
is of particular importance for graphene based PNC, because of the exceptional physical
properties of graphene (e.g. electron transport capacity, electrical conductivity, high
intrinsic tensile strength and stiffness, high thermal conductivity, etc.) which render this
material as a promising candidate for the reinforcement of polymer nanocomposites.'*”

Considering all of the above, various experimental approaches have been used to
study different aspects of polymer/graphene systems.”>*>¢75%1%1 For example, the
dispersion of graphene, graphene oxide or carbon nanotubes, into a polymer matrix has
been shown to alter significantly the mechanical as well as rheological, electrical and
barrier properties of pure polymers.z’5 In this aspect the study of the polymer/graphene
interface in the molecular level is condicio sine qua non in order to understand the
behavior, and predict the properties, of the hybrid material. For experimental techniques
the main difficulty lies in the detailed characterization of the polymer/graphene interface,
which might be either too small to be resolved, or which is masked by the larger bulk
region.z’4

Molecular simulation approaches can complement experiments by providing a
detailed study of the polymer chains near the polymer/graphene interface. Atomistic
molecular dynamics (MD) simulations are particularly important due to their capability
of providing direct quantitative information about both structural and dynamical
properties of the hybrid material. For this reason the last few years several simulation
works concerning the properties of various polymer/graphene (or polymer/graphite)
nanostructured systems were appeared in the literature, !> 1>-16.17.18.19.20.21.22.23.24.25.26.27
The study of the dynamics of polymer chains close to graphene layers is of special
importance, since friction at the interface determines the dynamical, the rheological as
well as the mechanical properties of the hybrid system.

Molecular Dynamics (MD) and Monte Carlo (MC) simulations of polymer/graphite

interfacial systems began to appear in the literature 2-3 decades ago.'> Most of the early



work was concerned with very simple systems, such as alkane chains, or simple bead
spring models.'*"*?® Several simulation works of polymer/graphite systems in the past
shown that segmental dynamics of the adsorbed molecules perpendicular to the surface is
quantitatively and qualitatively different from that in the bulk and cannot be described by
a constant diffusivity. It can, however, be accurately described using a macroscopic
diffusion equation with a time-dependent diffusion coefficient, D(z)."

All the above works show some similar characteristics concerning the behavior of
the model polymer chains. However, the actual polymer/solid (graphene) interaction is
expected to play a crucial role in the properties of the hybrid nanostructured material and
in particular of the polymer chains at the interface. For example, it is now well
recognized that the width of the polymer/solid interface depends on the actual polymer

atom/solid atom pair interaction, the size of the polymer chains, as well as the actual

18,29,30,32 31,32

property under study. In addition recent simulations studies examined large-
scale equilibrium properties of the polymer/surface interface in melts, using coarse
grained lattice and off-lattice models, where the typical lengths were exceeded the
statistical segment length (i.e., Kuhn segment). Overall, despite the qualitative
similarities on the properties of polymers at interfaces, a quantitative study of the
structure and dynamics requires a detailed representation of the specific chemical
interaction between the polymer and the surface.

With respect to the above discussion it is clear that comparative simulation works
of different polymers can be a valuable tool in order to clarify (and quantify) the effect of
the (graphene) solid phase on the properties of various (graphene) PNCs. This is exactly
the scope of the present work: To provide a comparative, both qualitative and
quantitative, study of the effect of the graphene layers on the dynamical properties of
different polymeric systems. We choose three very common polymers, i.e. polyethylene
(PE), polystyrene (PS) and polymethylmethacrylate (PMMA), which are used extensively
in the application of graphene based polymer nanocomposites.'* In the current work we
focus on very shorter length scales of atomic level (i.e., very close to the surface).

This work is part of a more general hierarchical multi-scale simulation approach for

the study of polymer/graphene (and more general polymer/solid) interfacial systems at

multiple length and time scales. The structural and conformational characteristics of the



above model systems have been presented elsewhere.'®'” Here we focus on the dynamical
properties of the nanostructured model systems. In more detail, in the next Section we
provide a short overview of the simulations and of the model systems. Results concerning
both the segmental and the terminal (chain) dynamics of the polymer chains are presented

in the third Section. Finally, our findings and conclusions are summarized in Section 4.

2 Systems and Simulation Method

In this work we present a detailed analysis of the dynamics of three different
polymer/graphene systems, through atomistic Molecular Dynamics (MD) simulations. In
more detail we study: a) PS/graphene, (b) PMMA/graphene and (c) PE/graphene
interfacial systems, as well as the corresponding bulk polymer systems. For PS and
PMMA polymer chains are /0-mers, while PE chains consist of 22-mers. Number of
monomers was chosen in such a way that the backbone consists of almost the same
number of CH,, and/or CH, groups for all systems; i.e. PS and PMMA chains have 20
(CH; and CH) groups in the backbone, while PE has 22 CH, groups. This choice also
leads to very similar mean sizes for the bulk polymer chains, as they are quantified by the
average radius of gyration: <Ry>ps=0.696nm, <R >pmma=0.695nm, <Rz>p=0.620nm for
PS, PMMA and PE respectively. Error bars are about 5% of the actual value. The
reference bulk systems consist of 56 /0-mer chains for PS, 54 /0-mer chains for PMMA
and 420 22-mer chains for PE.

All simulations were carried out at constant temperature equal to 7=500K for PS
and PMMA and T=450K for PE, using the stochastic velocity rescaling thermostat™ and
the GROMACS code.>* We should state here that for PS and PMMA the actual
temperature is almost equidistant from their glass transition temperatures (i.e. 7, gPS =
360K, and T, gP MMA ~ 380K). But, this is not the case for PE, because the glass transition
temperature of PE is much lower (7,”* = 190K) and an equidistant temperature from 7,””
would lead to temperature values where PE is crystallized (i.e., 7~ [310-330]K, while the
melting point of PE is about 4/0K). This aspect will be further discussed in the results
section. For NPT simulations the pressure was kept constant at P=/atm, using a
Berendsen barostat. An all atom representation model has been used, in which non-

bonded interactions in PE are described by Lennard-Jones and Coulomb potentials. The
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OPLS atomistic force field has been used for the description of the intermolecular and
intramolecular interactions of PMMA®® and PS.*® For the interaction between polymer
atoms and graphene layers the Lorentz-Berthelot rules have been used, i.e., arithmetic

averages for the calculation of o,: ¢, =(0, +0,)/2, while geometric averages for the

calculation of ¢,:¢&; = (& )0'5 , where 7 and j are the types of polymer and graphene

i€ jj
atoms respectively. Graphene has been represented as a set of LJ carbon atoms, centered
at their crystallographic positions, whereas the parameters for the non-bonded interaction
of the graphene carbons were taken from a potential used for graphite: &../kp=28K and
0..=3.44°" The lattice constant is that of graphite, equal to 2.4624. At this point, no
interactions were assumed between graphene atoms, which remained fixed in space
during the simulation. Note also that the analysis of test polymer/graphene runs, using a
full (including intra-molecular terms) force field for graphene shown almost the same
results for the structural and dynamical properties of the polymer matrix. However, the
incorporation of a full intra-molecular force field for graphene layers is crucial if
someone is particular interested in studying the effect of the polymer matrix on the
properties of the graphene layers. This will be the subject of a following work.

Periodic boundary conditions have been used in all three directions, so that the
polymer interacts with the graphene layer, which is placed at the bottom of the simulation
box, on the xy plane, and its periodic image at the top of the simulation box
simultaneously. This setup renders our systems polymer films confined between two
graphene surfaces, i.e. assuming ideal dispersion of graphene sheets. This is certainly not
the usual case for realistic nanocomposites™®, however we do not expect this assumption
to introduce artifacts, since: (a) the width of the films is rather large and all the systems
exhibit a clear bulk polymer region and, (b) we are particular interested in large
(compared to chain size) graphene layers. Moreover, periodic boundary conditions ensure
infinite graphene layers with no edges, which are eclectrically neutral. Atomistic MD
simulations for all systems have been performed for times from 0.3 up to 0.5 us. More
details about the all-atom force field, as well as the MD simulations are given
elsewhere.'®

Setup details are depicted in Table 1, where N is the number of polymer chains in

the simulation box and d is the film thickness. The film thickness is calculated from the
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box length along the z-direction subtracting the thickness of the graphene layer, 0.34 nm
(i.e of the order of one van der Waals radius), which is placed at z=0. The number of the
polymer chains in each system was chosen so that, in combination with the specific chain
length, polymer films of almost equal thicknesses are formed. Concerning the bulk
systems the NPT simulations predict an average density of 0.965g/cm’ for the atactic PS,
1.054g/cm’ for the atactic PMMA and 0.663g/cm’ for the PE. These values are in very

good agreement with experimental data as discussed before.'%*

3 Results and Discussion

The purpose of this study is to quantify the effect of the graphene surface on the
chain dynamics for polymers with different molecular structure. This is essential if we
consider that differences in the molecule/graphene interactions can lead to a much
different dynamical behavior of the polymer chains, and consequently to different
rheological as well as mechanical properties of the hybrid composite system. The
molecular structure (i.e., polymer architecture), of the three polymers (PS, PMMA and
PE) is shown in Figures 1a-c respectively.

The molecular density of the polymer chains at the polymer/graphene interface is of
great importance for the properties of the hybrid system. Therefore, we have analyzed the
density of the polymer chains, as a function of the distance from the graphene layer. In
Figure 2 we present density profiles, based on the monomer center of mass, p(z), for the
three hybrid polymer/graphene systems studied here. First, the average density profiles
show a high peak (maximum) in p(z), around 0.4 nm from the graphene, for all
polymer/graphene systems. This is not surprising if we consider that all polymers studied
here are “physically” adsorbed on the graphene layers, i.e. the polymer/graphene
interaction is primarily due to dispersion van der Waals force between polymer atoms
and graphene carbons. Such a dense polymer layer close to a solid surface has been also

12,13,21,24

observed in past simulations of polymer—solid interfaces with atomistic as well as

. 28,41,42,43 44
coarse-grained models.”¥*!#24:

However, there are slight quantitative differences
among the three density profiles related to the value of the first peak of p(z), which
reveals the weakest attraction from the graphene layer on PE, while PMMA and PS feel a

stronger attraction. On top of that, density profile of PE shows a characteristic oscillation



profile with two more substantially lower peaks. These peaks are related to the simpler
molecular structure of PE (CH, groups along the backbone, with no side groups),
compared to both PS and PMMA, that leads to chain conformations that form a well-
ordered layered structure close to graphene.lg’19 Note that similar density oscillation
profiles have been found from simulations of simple bead-spring models that also exhibit
the same PE-like molecular structure.”®

Second, density profiles are symmetrical with respect to the center of the film and
attain their bulk density, almost in the middle of the polymer film as expected. The shape
of the density profiles’ curves reflects the specific setup of the simulated systems. Bulk
density values show that PE has the smallest density; PS follows, while PMMA is the
densest one. Overall, the slight differences in the density profiles further contribute, as it
will be discussed below, to clear quantitative and qualitative differences in the dynamical
properties of the different systems.

Furthermore, the strength of the overall interaction between the graphene layer and
the polymer matrix can be quantified through the calculation of the “adsorption energy”
for the three systems. This (potential) energy describes the average non-bonded
dispersion (Lennard Jones) interaction between the surface and the amount of polymer
which lies in a distance smaller than /nm (i.e. cutoff for LJ interactions) from graphene
layer. For comparison reasons we present these values as energy per area and they are
equal to: -356.40+8.2 kJ/(mol nm” for PE, -434.48+16 kJ/(mol nm’) for PS and
-396.25+9.9 kJ/(mol an) for PMMA. In agreement with the picture of the density
profiles, the smallest “adsorption energy” (in absolute value) is that of PE, the second one
is that of PMMA while the largest is the one of PS.

The above findings concerning the density profiles predispose us for different
diffusion processes among the three polymer/graphene systems. Therefore, below we
examine in detail both the orientational and the translational dynamics of the
polymer/graphene systems. A common way to describe the orientational mobility of
polymer chains at various levels of analysis is through the use of time correlation
functions of vectors, defined on a polymer chain. These vectors are usually defined either

in the segmental (monomeric) level or in the polymer chain level (e.g. end-to-end vector).



In the current work both the first and the second-order bond order parameters (i.e. first,

P,(%), and second, P,(¢), Legendre polynomials) have been calculated through:

B (1)=(cos0(1)), Pz(t)=é<cos2 6’(t)>—l
2 2
In the above expressions 6(z) is the angle of the vector under consideration at time ¢
relative to its position at /=0. Note that both P;(¢) and P»(¢) are quantities which can be
directly related to experimental measurements. For example if a comparison of the
atomistic simulations with dielectric spectroscopy is sought, P;(¢) of the dipole moment
vector should be calculated, whereas if someone is interested to compare MD data with
13C and “H NMR relaxation measurements, P(¢) of the C-H bonds should be chosen.*®
Concerning the translational dynamics of the polymer chains, a standard measure of

their mobility is the mean square displacement of atoms (or of the center-of-mass) of the

polymer chains, AR*, calculated through:
AR =((R() - RO))'),

where R(f) and R(¢) are the position of the atoms (or chain’s center of mass) at time ¢ and
0 respectively.

In the following we present results concerning the dynamics of polymer chains,
using the above mentioned quantities, for both the segmental (i.e. few monomers) and the
molecular (i.e. entire chain) level. Results are presented as averages quantities over the
entire polymer film, as well as, in layers of increasing distance from the graphene

surface.

Segmental Dynamics

We start the analysis of the segmental dynamics by monitoring the time evolution
of P,(?) for a vector defined in the monomer level. Here we have used one (backbone)
vector for PE and two vectors (one along the backbone and one from the backbone to the
side group) for PS and PMMA. All different vectors are shown in Figure 1, drawn on

corresponding oligomers of the model systems. A first comparison among the three

polymers concerns the backbone 1-3 characteristic vector (VIB_ l; ), which connects two not

consecutive carbon atoms of backbone, separated by one carbon. In Figure 3 the time



autocorrelation functions of P,(t), of Vfi l; vector, for the three polymer/graphene systems

(closed symbols) are depicted, together with the same functions for the corresponding
bulk polymer systems (solid lines). These functions describe the average dynamics over
the entire film. It is clear that the dynamics of the hybrid polymer/graphene systems is
slower than of the corresponding bulk ones; i.e. as expected confinement leads to
polymer’s retardation. However, this decrease in the mobility of the polymer chains is not
the same for all times: In the short time regime P,(¢) curves of hybrid systems are very
close to the bulk ones, whereas there is a substantial increase of the difference between
these curves at long times, due to a dramatic slowdown of the mobility of the polymer
chains of hybrid systems, comparing to the bulk ones. The agreement between the
relaxation of the bulk and the hybrid systems at the short time regime is expected, since
for these time scales the polymer segments do not feel the interaction with the graphene
layers. The differences in the long time regime are due to the much different
(qualitatively and quantitatively) relaxation behavior of vectors belonging to adsorbed
polymer chains, comparing to vectors which belong to chains in the “bulk” regime of the
hybrid system (about the middle of the film), leading to a more complex (average) P»(f)

curve. This phenomenon is certainly more clear for PE, for which simulation time is long
enough to capture the full decorrelation of the Vlli gvector; i.e. Py(f) reaches the zero
value. This aspect will be further discussed below.

Moreover, a considerable quantitative difference in the relaxation time of PE
compared to the other two polymers is observed. P,(¢) of vlli l; characteristic vector is

fully decorrelated after just /ns, whereas the time autocorrelation functions for the other
two polymers have significant values at that time. In addition, P,(¢) for PS decorrelates
faster than for PMMA. This is expected since, as mentioned before, the difference
between the actual temperature and the bulk polymer glass transition temperature of the
PE/graphene systems is larger than that of PS/graphene and PMMA/graphene ones. A

further prospective behavior is that the shorter the characteristic vector the longer the

relaxation time. This has been justified by calculating the relaxation of vﬁ g (i.e.

: BB . .
consecutive carbon atoms of backbone) and of v,_, (i.e. not consecutive carbon atoms of
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backbone, separated by two carbons) vectors for all polymers studied here (data not

shown here). In the rest paper we refer to vi § as the backbone vector.

Furthermore, for PS and PMMA one characteristic vector between the backbone
and a side group has been defined in order to study the mobility (relaxation) of the side

group (see Figure 1). For PS this vector connects a carbon attached to the backbone and a

carbon which belongs to the phenyl group (v**') and for PMMA it is defined between

the backbone’s carbon, connected to the carboxyl side group, and the carboxyl oxygen

(v®©). In Figures 4a and 4b a comparison of P,(¢) of the backbone’s characteristic vector

(v l;) with the characteristic vector of the side group (V¥ or v*¢) for PS and PMMA

respectively, indicate a slower relaxation of backbone in both cases. This is an expected
behavior because the motion of the side group is less constrained than the backbone’s
motion. Figure 4c presents a comparison of the characteristic vectors of the side groups
between PS and PMMA. Data of the corresponding bulk systems are also included and

indicate again, that the relaxation of bulk systems is faster than that of the confined

systems. Moreover, a faster decorrelation of v**” compared to v*¢ is observed, though
with smaller difference than the one which stands for the corresponding backbone vectors
(this result is also apparent in the second column of Table 2 which is described in the
following). The decrease of the difference in the mobility between PS and PMMA side

group vectors, compared to the corresponding backbone vectors, can be attributed to the

larger flexibility of the v*“ vector of PMMA, unlike to v*""' vector of PS, i.e., rotation of

v vector is restricted because all atoms of the bulky side group (phenyl ring) have to

rotate together. Finally, it is again clear from Figure 4c, the slowdown of the mobility of

BPH (VBC

the v ) vector of PS (PMMA)/graphene systems at long times, similar to the v£ l;

one, shown above in Figure 3. Note that qualitatively similar results for
polybutadiene/graphite systems have been recently observed in the literature.”

A quantification of the segmental dynamics of the different polymers can be made
by defining characteristic relaxation times, based on a fit of the P,(¢) curves with stretch

exponential functions (Kohlrausch-Williams-Watts, (KWW))* of the form:
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B
P, (t)=Aexp —( d j )
Txww

where, 4 is a pre-exponential factor which takes into account relaxation processes at very
short times (i.e., bond vibrations and angle librations), zxw is the KWW relaxation time
and £ the stretch exponent, which takes into account the deviation from the ideal Debye
behavior.*® In all model polymer/graphene systems P,(f) cannot be fitted well with a
single KWW function for all time regimes, due to the complex dynamical behavior at
long times, discussed above. This is revealed in the PE curve of Figure 3 and will become
more pronounced later, in the analysis of the polymer dynamics as a function of distance
from the graphene layer. Therefore, for PE (Figure 3) fitting is restricted to shorter times
from 0.5ns to 20ns. The shoulder, which is observed in this curve at long times, indicates
the existence of more than one relaxation processes in the PE film and can be attributed
to the strong attraction of polymer from the graphene layer, at very close distances. Table
2 contains the fitting parameters of all curves for both Figures 3 and 4 which are in

agreement with our previous discussion. The comparison of 7., for the backbone’s

characteristic vector among the three polymer/graphene systems makes clear that PE is
substantially faster than the other two polymers, while PMMA is about one order of

magnitude slower than PS. On the other hand, for side group vectors the difference is

decreased i.e., V¢ vector of PMMA relaxes about 3 times slower than v*™

vector of PS.
Comparisons in relaxation times among bulk systems show a smaller difference between
PS and PMMA backbone vector, while the rest vectors’ correlations are almost the same
with the respective ones of the hybrid systems. Overall, all bulk vectors relax faster than
the corresponding polymer/graphene vectors.

The above results refer to averages over the whole polymer film; i.e. they are not a
detailed analysis of the non-homogeneous diffusion processes as a function of distance
from the graphene layers. However, it is clear that such systems would further expect to
exhibit (spatial) dynamic heterogeneity due to the presence of the graphene layers.
Therefore, in the following we analyze simulation data as a function of the distance from

the graphene layer. The different distances are determined from the density profiles of

Figure 2 and adsorption layers are defined. The high peak near the graphene surface
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which is followed by one or more, substantially lower peaks, allow us to define
adsorption layers as a function of the distance from the surface, while the intermediate
(bulk) region is divided into equal spaced layers. A snapshot of PS (with center of mass
of each chain in the simulation box), as it is elaborated in the current analysis, is depicted
in Figure 5. Different colors correspond to the amount of polymer which lies in each
adsorption layer. Note that in order to be consistent in the analysis of the dynamics data,
we have calculated P,(¢) for the various characteristic vectors in all adsorption layers,
collecting information only from the time periods that the center of mass of the vector is

found within the specific adsorption layer. In Figures 6a, 6b and 6c¢ the autocorrelation

functions of le_ l; for PS, PMMA and PE respectively are presented at the different

adsorption layers. Each curve corresponds to an adsorption layer and arrows’ direction
denotes the increasing distance from graphene. Qualitatively the overall picture exhibits,
as expected, some similar characteristics: Polymer segments (vectors) close to graphene
relax much slower than segments far away from it, with the differences gradually
decaying. The segments far enough from the graphene layer exhibiting a “bulk-like”
behavior. However, there are also clear (quantitative and qualitative) differences between
the relaxation of the backbone vector for the different polymers. In more detail, for PS
the slower dynamics of the segments close to the graphene decays within the first 3-4
adsorption layers gradually approaching the bulk behavior at longer distances, where all
curves overlap. For PMMA the relaxation of the backbone vector is gradual only for the
first two adsorption layers, while for the rest curves there is an abrupt jump to a faster
relaxation rate. Finally, PE chains show a slightly different behavior; the relaxation rate
in the first adsorption layer is considerably slower than the rest layers. The well-ordered

structure of PE in this layer is responsible for this diversification.

To quantitatively compare the above data, a fit of P,(¢) (of vlli 3;) curves with KWW

stretch exponential functions has been performed for all these curves. Then the segmental

relaxation time is calculated as the integral of the KWW curves through the relation:

1
[ :TK%F(EJ where T'() is the gamma function. Note also that for adsorbed PE

chains, in order to obtain accurate data, we restrict the fit of the first curve in a small time
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window in the range of [0.0/-1]ns. Moreover, in the second adsorption layer, the curve’s
shape is not the one of a single KWW function. Although the width of this layer is small
(~4nm) it seems that more than one processes take place in this. Fitting of this curve is
also restricted to short times, in this case (up to 0.03ns). The rest curves are in the bulk
region. The side group characteristic vectors of PS and PMMA (data not shown here)
present a diversification similar to the one of the corresponding backbone vectors. Data

for 7,,¢ and f for the three systems are presented in Figures 7a and 7b, as a function of

distance from the graphene layer for vfi g characteristic vector. A rough estimation of the

error bars are +[0.05-0.1] for § and of the order of [20%-30%)] of the actual value for 7y,.
These errors are in general smaller in the bulk region and become larger close to the
surface. Note here that g (and consequently y.,) values are very high for both PMMA
and PS in the first adsorption layer and their error bars are also very large. These times
are larger than the time window of the simulation and cannot be accurately predicted by
the current simulations. Therefore, we use these values more as a rough estimation of the
slowdown of the chain dynamics close to the graphene layers and not as accurate absolute
numbers. For this reason we use a different (open) symbol in the corresponding graphs
for all these values.

Figure 7a confirms the above discussion for the relaxation rates of the different
polymers. Relaxation times attain the lowest values for PE and the highest ones for
PMMA, while PS is an intermediate case for all adsorption layers. For all polymers the
segmental relaxation time decreases with the distance from the surface reaching to a
constant value, very close to the one of the corresponding bulk system (horizontal dashed
lines). Moreover, Figure 7a provides a quantification of the time differences among the
three polymers which, in the bulk region, is ~3x10° for PS/PE and ~10 for PMMA/PS. It
is interesting to observe that for PE there is a large jump in the segmental relaxation time
between the first adsorption layer and the rest film. Very close to graphene, up to 0.6nm,

PE has substantially slower dynamics, with 7, ~/0ns, due to the well-ordered layered
structure which is formed at these distances, whereas at longer distances 7, is in the

range of [2x/ 07-5x107]ns. Note that the segmental dynamics of PE reaches its actual
bulk value at distances ~ 2nm, whereas PMMA and PS at about ~ 3nm. A possible
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reason for the difference in the width of the polymer/graphene interface, defined through
the segmental dynamics, might be the existence of side groups in PS and PMMA whose
extent is of the order of ~0.5nm. A further investigation of this issue will be the subject of
a future work.

The values of f exponents are depicted in Figure 7b. For all systems f values
increase with the distance from the surface. This observation indicates that the existence
of the graphene layer leads systems to larger deviations from the ideal Debye behavior
(i.e., wider distribution of relaxation times). Furthermore, f exponents for all three
polymers, reach their distance-independent “bulk-like” values, beyond the same range of
distances about ~2-4nm, given the statistical uncertainty, similar to the distance shown
for the 7., values presented above. We should also state here the complex character of
the chain dynamics close to the solid (graphene) layers; i.e. not only the average
relaxation times, but also their distributions, are different. A more detailed investigation
of the full distribution of relaxation times as a function of distance from the graphene
layers is under investigation.

A comparison of the segmental relaxation times between the side groups of PS and
PMMA is depicted in Figure 8a for v* and v*“ vectors respectively. A behavior
similar to the one of the backbone vectors for the two polymers is observed (i.e, PS
relaxes faster than PMMA). However, there is a decrease in the difference of the
segmental relaxation times of the side group vectors, between the two polymers,
compared to the corresponding difference of the backbone vectors, which has been

mentioned previously as well. The analysis in layers of increasing distance from

graphene makes clear that in the second adsorption layer 7 segm. attains almost the same

values for the two polymers, whereas in the bulk region there is a small and almost
constant difference, which renders v** faster than v*“. The reason for this decrease is
the fact that the relaxation of side groups is determined by two competing factors; the one
is the faster total dynamics of PS compared to PMMA, while the other is the more
restricted motion of the phenyl ring of PS, in order to retain its shape, compared to the
carboxyl side group of PMMA. Therefore, this competition diminishes the difference in

7, values, though the first is the predominant factor. On top of that, the effect of the
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graphene layer plays a crucial role on this competition. The corresponding f values,
which are depicted in Figure 8b, are almost equal at any distance from graphene, except
from the first adsorption layer, where we have values of high uncertainty. In the bulk
region £ values are close to (.5 for both vectors just as the corresponding values for the
bulk systems, within the error bars. In addition, the segmental relaxation times, defined
through the v*** and v*¢ vectors for PS and PMMA respectively also reach their actual

bulk values at distances of about ~ 3-4nm from the graphene layers in agreement with the
relaxation behavior of the vfi g vector.

Finally, a comparison of the relaxation times between the backbone and the

corresponding side group has been made for PS and PMMA polymers. The ratios of the

BB
Vi3

segmental relaxation times TSV;PH /7, and Z'::; / Z':f for PS and PMMA respectively

have been calculated, at all adsorption layers (data not shown here). In both cases the side
group relaxes faster than the backbone’s vector however, the difference is greater in

PMMA. Beyond the first adsorption layer, for which the statistics is not accurate enough,

VBPH

T
% ~(.7 for PS, whereas
Vi

1-3
Z-seg

this ratio attains an almost constant value for each polymer;

VB(,

T
S;‘i ~0.2 for PMMA. The smaller value for PMMA is to be expected since, as
T 1-3

seg

mentioned above, the side group of it is much more flexible than the one of PS.
Having explored the mobility of polymer chains in the segmental level, we’ll

continue our calculations at a longer length scale (i.e. the molecular level).

Chain Dynamics
Orientational Dynamics. In the following results relating to terminal-chain
dynamics are presented. A characteristic quantity of molecular level is the end — to — end

distance, Re(?). The calculation of the end-to-end vector autocorrelation function, defined
(R, (DR, (0))
(%)
0

entire chain level. R..(f) and R..(0) are the end-to-end distances at time ¢ and 0

as: y(f)= , provides information for the orientational dynamics in the
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respectively, and <R€26 >0 is the mean squared value of the equilibrium (unperturbed) end-

to-end distance. Figure 9 contains the average time autocorrelation function (u(¢)), over

the entire polymer film, for the three systems. Data for the corresponding bulk systems
(solid lines) are also included. Qualitatively the picture is similar to the one observed
before for the segmental dynamics: The relaxation of the end-to-end vector of the hybrid
interfacial systems is slower than that of the corresponding bulk ones, whereas PMMA
has the slowest terminal dynamics while PE has the fastest one, in agreement with our
observations in the segmental level. It is further interesting to observe a small shoulder in
the PE curve of Figure 9, similar to that of Figure 3, which is a result of the strong
attraction of polymer from the graphene layer, at very close distances (i.e., first

adsorption layer). The parameters of the fit of #(¢) curves with KWW functions are

contained in Table 2. For the PE curve fit is restricted to shorter times, up to ~0. /ns.

We continue with an analysis of u#(#) at different adsorption layers. Note here

that for all calculations in the molecular level we have defined wider adsorption layers
with respect to graphene compared to the previous analysis of the segmental dynamics.
This makes sense if we consider that the dynamics of the polymer chain is affected by
segments along the whole chain which might belong to different layers. Therefore, and in
order to also improve statistics, we analyze polymer chain data every 104 for the first and
the second layers, while the rest of them correspond to 204. Moreover, their width is the

same for the three polymers. At the entire chain level, the integral of the KWW curves
defines the molecular chain end-to-end vector relaxation time (7. ). The molecular

relaxation time together with the stretching exponent S, are depicted in Figure 10a and

10b as a function of the distance from the surface. Data in Figure 10a has shown the

.. R
dramatic increase of 7 =

mol

close to the graphene layer, compared to corresponding bulk

values, shown with dashed lines. Furthermore, a slight difference in the distance at which

the 7 reaches the plateau distance-independent bulk value is observed: for PE is about

~ 2nm, whereas for PMMA and PS is about 3-4nm, in agreement to the data found from
the orientational segmental relaxation time. The very large difference in relaxation times

between PE and the other two polymers is again obvious. The S exponent for PE and PS
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reaches to a constant value at the bulk region, which is almost equal to 0.95 for PE and
0.84 for PS (i.e., equal to the values of the corresponding bulk systems in the range of the
statistical uncertainty). However, in PMMA f is an increasing function of the distance
from graphene, which gradually tends to a plateau value of almost 0.77 (i.e., very close to
the one which stands for the corresponding bulk system). These values show that in the
bulk region PMMA has the wider distribution of relaxation times, PS follows and PE has
the narrower one. Note that according to the Rouse model the relaxation of the end-to-
end vector should be described through a sum of exponentials. Deviations from this
behavior observed here are to be expected, since the molecular lengths studied here are
much smaller than those for which the Rouse model would expect to be valid; i.e. the
statistics Gaussian and the monomeric friction coefficient constant.*’

Translational Dynamics. The translational dynamics of polymers, in the entire

chain level, can be studied through the mean squared displacement, for the chain-center-
of mass, given through: AR?M = <(RCM ()= Ry, (0))2> , where R¢y, is the position of the

chain’s center of mass. In what follows we have calculated mean squared displacements
both for in plane motion (i.e., xy-component) and normal to the surface (i.e., z-
component), as a function of the distance from graphene. First the parallel to the
graphene layer dynamics (Aszy) is presented in Figure 11 for PE chains of the
PE/graphene system in the different layers. The corresponding data of bulk PE are
presented with dashed lines. For the very short times the dynamics for all segments is as
expected similar (ballistic motion). Then the chain dynamics at longer times follows
closely the dynamics of the bulk unconstrained system. Only for the chains belonging in
the first layer there is a small decrease in the mobility for times from 107ns to 107 ns.
Overall the chain center-of-mass xy-dynamics is almost homogeneous at any distance,
identical to the diffusion (xy-component) of the corresponding bulk system, for all but the
first adsorption layer. The behavior is qualitatively similar for the other two polymers
(data not shown here).

Second, in Figure 12 the z-component of the mean squared displacement (AR?) is
depicted for all three polymers. The arrow’s direction indicates the increasing distance
from graphene. Again, for short distances all curves are as expected on top of each other,

since they do not “feel” the effect of the graphene layers. But, on top of that, Figure 12
18



reveals the range of the effect of graphene on the mobility of the whole polymer chain.
Within the first /04 the attraction from graphene hinders mobility and for none of the
three polymers <AR2> exceeds /A4°. For the next /04, and as the attraction is reduced, the

differences among the polymers are enhanced. Beyond 204 dynamics is identical for the
rest of the film, though different among the polymers. It is interesting to observe that only
for PE <AR2> attains a plateau value in the bulk regime (i.e., beyond 204) and this

happens after just /ns. The other two polymers have not reached to a plateau value during
their simulation times (i.e. ~ 0.5us). The plateau is induced from the restriction of
analysis in layers of specific width and only PE, which is considerably faster than the
other two polymers, has enough time to obtain constant motion within the layer. The
corresponding bulk curves (dashed lines) are also included in Figure 12 and coincide with
the curves of the last three adsorption layers, which lie in the bulk region, though for PE
there is a deviation beyond 0. /ns, due to the plateau region. The quantitative differences
in the mean squared displacements among the three polymers are expected in agreement
with our previous analysis. A plateau like regime is observed for PS, but more
pronounced for PMMA, from time /07 to 10 ns, which indicates a glassy like behavior in
the first two adsorption layers (i.e., up to 2nm) for the specific time period.
In order to further quantify the effect of graphene on the mobility of the polymer

chains, as a function of the distance from the graphene layers, we define an effective time

dependent self-diffusion coefficient along the confinement (z) dimension, D, (z) through:

. (RO-R©O))
) 6t

Note that for a homogeneous molecular system, exhibiting linear (Fickian) diffusion,
D.(?) reaches a constant time independent value (self-diffusion coefficient), for times
longer than about the maximum relaxation time of the molecule (polymer chain). Here
since the diffusion along the confinement (z-dimension) is not linear we define an

apparent diffusion coefficient, D,(t.) through a characteristic “observation” time scale,

. . . BB
rc.B Values of 7. were chosen in order to represent the relaxation time of v,”5 vector for

each polymer respectively. The insets of Figure 12 present the ratio of D.(z.) over the

corresponding bulk diffusion coefficient for each polymer, at the specific time 7., as a
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function of the distance from the graphene layer. A comparison among the insets makes
clear the different way that graphene affects polymers dynamics at different distances
from it. There is an obvious diversification of PE, compared to the other two polymers,
where the effect of the graphene layer attenuates abruptly beyond 104, while it is still
strong up to 204 for PS and PMMA. Then D.(z.) approximates gradually D,z for all
three systems, though in a different rate. Diffusion in the chain center-of-mass level

reaches its bulk value at distances of about ~4nm for PE and 6-8nm for PS and PMMA.

4 Conclusions

In the present work we have explored the effect of graphene on the mobility of
polymers, by studying three well known and widely used polymers, polyethylene (PE),
polystyrene (PS) and poly(methyl-methacrylate) (PMMA). In more detail, three hybrid
polymer/graphene interfacial systems of similar molecular chain size, <R,>, were studied
through atomistic MD simulations. The film thickness for all systems was in the range of
[/9-23]<Rg>. The corresponding bulk systems were simulated as well. We explored the
dynamics of polymer chains both in the segmental and the molecular level and we
quantified the differences in relaxation times among the polymers. In addition to the
study of the average dynamics over the entire polymer film, a detailed analysis of the
dynamics as a function of the distance from the surface has been performed. Comparisons
were made both among the three polymer/graphene systems and between the hybrid and

the corresponding bulk system.

Segmental analysis was based on the time autocorrelation functions P, (t) (i.e., the
second Legendre polynomials) for two types of vectors, one along the backbone of the
polymer chain and another from the backbone to a side group, for PS and PMMA only.
vlli 1; is a common vector for the three polymers, which connects two non-consecutive
carbon atoms of the backbone, separated by one carbon. Fitting of the above functions

with KWW functions provide information for both segmental relaxation times, z,,, and

stretch exponents, . In all cases bulk systems are faster. This observation renders the
existence of the graphene layer a reason for the reduction in polymer mobility. An

interesting issue is the extent of this effect and the way that it diversifies among the three
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polymers. A comparison of the segmental relaxation times among the three polymers
revealed that PE is much faster than the other two polymers. The difference of the actual
temperature from the glass transition temperature, 7, of each system, corroborates this

behavior. As a function of the distance from the graphene layer 7,,, attains large values

close to the surface, which decrease as the distance increases, reaching to a plateau value
in the bulk region, identical to the value which stands for the corresponding bulk systems.

A remarkable observation here is the abrupt jump in 7z, values of PE between the first

and the rest adsorption layer, which covers almost two orders of magnitude in #s. This is
due to the well-ordered layered structure that PE forms very close to the graphene layer,
which causes a substantial retardation in its dynamics. For the two other polymers there is
a gradual decrease with the distance, though the values for the first adsorption layer are of
high uncertainty. f-values indicate a wider distribution of polymer segmental relaxation
times close to graphene layers, whereas in the bulk region all three systems attain almost
the same values, in the range of the statistical uncertainty. The relaxation of the side
group vectors is faster than the corresponding backbone vectors for PS and PMMA, due

to the fact that their motion is less restricted compared to a backbone vector. Moreover,

v and v have almost the same segmental relaxation times up ~3nm from the

graphene, while at longer distances PS is faster than PMMA though with a smaller

difference than the corresponding bulk vectors. This is a combined result of the faster

BPH

dynamics of PS, but at the same time of the more restricted motion of v compared to

v?¢, due to the phenyl ring and of the effect of the graphene layer.
Concerning to longer length scales we explore chain dynamics through the
calculation of the end-to-end autocorrelation function, #(¢). The correlations in

Ree
mol °

molecular relaxation times, 7., among the three polymers, are qualitatively the same

with the segmental relaxation times for Vfi fé. However, there is a considerable

R
mol

quantitative difference between them, which renders 7, longer than 7

seg ?

as expected.

This difference is bigger close to the graphene layer and it is more pronounced for

PMMA.
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Finally, the in-plane motion (xy) and normal to the plane motion (z), of the center of
mass of the polymer chain has been studied through the calculation of the mean squared
displacement. In plane motion, found to be unaffected by the existence of the graphene
layer, for all three polymers, except for a small retardation, which is observed in the first
adsorption layer. The effect of the graphene layer is extended up to 2nm on the z-
component of the mean squared displacement, while beyond this, diffusion is identical to

that of the corresponding bulk system. The large gap in <AR2> between the first and the

second adsorption layer of PE is a result of its well-ordered layered structure close to
graphene. Moreover, the considerably higher mobility of PE compared to PS and PMMA

is the reason for the plateau, which is formed in <AR2> curves as a result of our analysis in

adsorption layers.

Overall, despite the similarities of the different polymers studied here and the fact
that for all of them the polymer/graphene interaction is dominated by dispersion van der
Waals forces there are clear (qualitative and quantitative) differences in the dynamic
properties of the polymer chains in particular at the polymer/graphene interface.
Furthermore, the width of the polymer/graphene interface depends, as expected, on the
actual property in which it is defined. Note that simulation data shown here represent a
rather ideal system, in which single graphene layers are ideally dispersed in the polymer
matrix. In more realistic systems the graphene phase corresponds to graphene layers
dispersed in the polymer matrix, in which quite often there are multiple graphene layers
stacked together. The dependence of the polymer properties as a function of the number
of graphene layers is under investigation.

Current work is related to the study of the effect of the polymer matrix on the
properties of the graphene layers. For this work a model with full energetic interactions
among the carbon atoms of graphene is required. Preliminary results for the polymer
chains are very similar to the data presented here. Furthermore, the study of longer
polymer chains is under investigation through a rigorous hierarchical multi-scale

methodology similar to the one followed recently for polymer/metal systems.****
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Table 1

Number of Polymer Chains and Film Thickness for the PS the PMMA and the PE

systems.
System N d(nm)
PMMA 135 | 13.35
Bulk PMMA | 54 -
PS 120 | 13.67
Bulk PS 56 -
PE 420 | 13.91

Bulk PE 420
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Table 2

Relaxation times gy, stretch exponents £, and pre-exponential factors A, for the

hybrid polymer (PS, PMMA, PE)/graphene systems and the corresponding bulk

polymers.

System/vector | tgww(ns) | tkww(ns)pukr | B | Pouke | A ApuLk
PMMA/ vPB1-3 | 112.04 41.12 0.46 | 0.56 | 0.97 | 0.95
PS v*P1-3 14.36 8.12 0.50 | 0.66 | 0.94 | 0.92

PE/v®B1-3 0.004 0.003 0.56 | 053 | 1 1

PMMA/ v*¢ 21.83 9.40 038 ] 0.50 | 0.92 | 0.88
PS/vBPH 6.51 3.99 035] 059 | 09 | 0.81
PMMA/ u®) | 1848.79 604.07 0.67] 072 | 099 | 0.98
PS/ u(®) 91.55 57.95 0.74 ] 0.87 | 097 | 0.96
PE/ u(t) 0.085 0.065 0.84 | 0.93 [0.999| 0.98
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Figure Captions

Fig. 1: Snapshots of oligomers of (a) PS, (b) PMMA and (c) PE chains. Characteristic

vectors along the backbone and from the backbone to the side groups are drawn.

Fig. 2: Monomer density profiles as a function of distance from graphene layers for PS,

PMMA and PE hybrid polymer/graphene systems.

Fig. 3: Time autocorrelation function of bond order parameter P,(#) for the backbone

characteristic vector VIB_ l; of PS, PMMA and PE polymer/graphene systems (closed

symbols) and of the corresponding bulk systems (solid lines). Values are averages over

the entire polymer film.

Fig. 4: Comparison of time autocorrelation functions of bond order parameter P,(?) (a)

between the backbone characteristic vector vlli 1; and the side group characteristic vector

VB of PS, (b) between the backbone characteristic vector V.5 and the side group

characteristic vector v* of PMMA and (c) between the side group characteristic vectors
of PS and PMMA of the confided (closed symbols) and corresponding bulk systems

(solid lines). Values are averages over the entire polymer film.

Fig. 5: A snapshot of PS/graphene model system. Different colors correspond to different

adsorption layers with respect to the surface.

Fig. 6: Time autocorrelation function of bond order parameter P,(#) for the backbone

characteristic vector vlli § at different distances (adsorption layers) from graphene (a) PS,

(b) PMMA and (c) PE.

Fig. 7: (a) Segmental relaxation time of the backbone characteristic vector vfi ’§ , based on

P,(t) time autocorrelation function, for PS, PMMA and PE hybrid polymer/graphene

systems as a function of the distance from graphene. Dashed lines represent the values for
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the segmental relaxation times of the corresponding bulk systems. (b) The stretch

exponent £, as extracted from the fit with KWW functions for the three systems.

Fig. 8: (a) Segmental relaxation time of the side group characteristic vectors, v*** for PS

and v’“ for PMMA, based on Py(t) time autocorrelation function as a function of the
distance from graphene. Dashed lines represent the values for the segmental relaxation
times of the corresponding bulk systems. (b) The corresponding stretch exponents S, as

extracted from the fit with KWW functions.

Fig. 9: Time autocorrelation function u(s) of the end-to-end characteristic vector R,,(?)

of PS, PMMA and PE polymer/graphene systems (closed symbols) and of the
corresponding bulk systems (solid lines). Values are averages over the entire polymer

film.

Fig. 10: (a) Molecular relaxation time of the end-to-end characteristic vector R, (f),

based on P;t) time autocorrelation function, for PS, PMMA and PE hybrid
polymer/graphene systems as a function of the distance from graphene. Dashed lines
represent the values for the molecular relaxation times of the corresponding bulk systems.
(b) The stretch exponent £, as extracted from the fit with KWW functions for the three

systems.

Fig. 11: The xy-component of the mean squared displacement as a function of time, at

different distances from graphene for the PE/graphene system (in plane motion).

Fig. 12: The z-component of the mean squared displacement as a function of time, at
different distances from graphene for (a) PS/graphene, (b) PMMA/graphene and (c)
PE/graphene systems. The direction of the arrow indicates the increasing distance from
the surface. The insets present the ratio of the time dependent self-diffusion coefficient
along z, D.(t.), at a specific time 7., over the corresponding bulk diffusion coefficient for

each polymer, as a function of the distance from the graphene layer.
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